Bone metastases develop in 30% of patients with castrate-resistant prostate cancer (CRPC) within 2 years of castrate resistance and in \>90% of patients over the disease course through interactions between bone-derived and cancer-derived factors.[@R1]--[@R3] Bone metastases cause pain, fractures, and spinal cord compression. Their presence is a prognostic marker.[@R4] Optimal treatments for bone metastases is critical for metastatic CRPC (mCRPC) management, given their high prevalence and clinical impact.

There are 6 US Food and Drug Administration (FDA)-approved therapies for mCRPC with demonstrated overall survival (OS) benefit (abiraterone, enzalutamide, docetaxel, cabazitaxel, radium-223 \[Ra-223\], sipuleucel-T; Table [1](#T1){ref-type="table"}).[@R9] Supportive treatments include denosumab, zoledronic acid, and external-beam radiation therapy (EBRT). EBRT plus the β-emitter samarium-153 (Sm-153) has been shown to be beneficial relative to Sm-153 alone; the toxicity of the combination was similar to Sm-153 monotherapy.[@R10] Strontium-89 (Sr-89), another β-emitter, has demonstrated efficacy to treat the bone metastases associated with CRPC, due to its ability to accumulate in bone metastases.[@R11],[@R12] Denosumab and zoledronic acid delay development of skeletal-related events (SREs) and are FDA-approved in mCRPC, but neither prolongs survival.[@R13]--[@R15]

###### 

Phase 3 Trials for Currently Approved CRPC Therapy Other Than Ra-223
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Ra-223 is an α-emitting radionuclide approved for treatment of men with mCRPC having symptomatic bone metastases and no known visceral metastases. Ra-223 is a calcium-mimetic preferentially taken up into areas of high bone turnover, such as those surrounding bone metastases. Ra-223 induces local apoptosis of tumor cells through nonrepairable double-stranded DNA breaks.[@R16] Ra-223 inhibits bone metastases through effects on bone-tumor microenvironment.[@R16],[@R17] The α particles of Ra-223 have a very short range; nearly 99% of daughter nuclides remain in bone, limiting damage to surrounding normal tissue.[@R18],[@R19] In a preclinical model, \>30% of injected Ra-223 activity/gram was in bone, 10.5% in spleen, 5.7% in intestines, and 2.3% in kidneys.[@R20] In trials, Ra-223 treatment improved OS,[@R21] prolonged time to SREs,[@R22],[@R23] decreased serum alkaline phosphatase (ALP), and improved quality of life. To date, optimal timing, sequence, and combinations of Ra-223 with other agents for mCRPC are undetermined. Cross-resistance may be an issue for agents targeting the androgen axis, but sequencing with Ra-223 may prove useful.[@R24] This review provides insight into practical aspects of patient selection for Ra-223 and discusses key therapeutic strategies using approved agents in patients with bone metastases.

PERCEPTION OF PAIN IN mCRPC
===========================

Bone pain, the driving symptom for Ra-223 use, may be inconsistent among patients with mCRPC. The prevalence, intensity, and frequency of analgesic use among patients with prostate cancer showed great variability.[@R25] Comparing patients predocetaxel and postdocetaxel treatment, pain prevalence, and severity were higher predocetaxel. In addition, analgesics were underused. Moreover, bone metastases may be reported or perceived variably, for example, as pain, weakness, or difficulty climbing stairs. Some physicians reported pain as present or absent, rather than detailing intensity, type, or duration.[@R26]

Results from a 2017 survey showed that patients with bone metastases often reported bone pain in terms of difficulty performing daily activities.[@R27] Patients may also develop anorexia, asthenia, or cachexia related to bone metastases.[@R26] Physicians often underreported patients' pain intensity, when compared with patients' assessment of pain severity.[@R25] The latter finding would imply that patient-reported outcomes should be preferred for assessing pain, particularly those associated with bone metastases.

Quality of life may be adversely affected by pain. For example, in a study of 248 patients with mCRPC, SREs from bone metastases caused decreases in health-related quality of life (QoL) across all outcome measures.[@R28] Preventing SREs and pain progression together may help improve patient QoL during treatment for mCRPC.[@R29]

INSIGHTS FROM ALSYMPCA
======================

The phase 3 ALSYMPCA trial (NCT00699751) showed that Ra-223 prolonged survival (14.9 vs. 11.3 mo; *P*\<0.0001) and time to first SRE (median, 15.6 vs. 9.8 mo; 95% CI 0.52-0.83) versus placebo. OS was calculated based on the intention-to-treat (ITT) population having completed the 6 cycles of Ra-223 administration.[@R21] Baseline biochemical values were similar, with the exception of prostate-specific antigen (PSA) levels; these were higher in the previous docetaxel use group than in the docetaxel-naive group.[@R21] Other baseline characteristics were balanced between groups and reflected a patient population with advanced mCRPC.

The majority in ALSYMPCA who received Ra-223 had \>6 bone metastases; of these, 41% of patients had \>20 bone metastases and 43% had 6 to 20 bone metastases; only 16% of patients had \<6 bone metastases.[@R21] Most patients in the Ra-223 arm had Eastern Cooperative Oncology Group (ECOG) performance status 0 (27%) or 1 (60%). Over half received prior docetaxel (57% per group). Median hemoglobin and PSA in the Ra-223 group were 12.2 g/dL and 146 µg/L, respectively. Rates of grade 3-4 hematologic toxicity were low (anemia, 13%; thrombocytopenia, 6%; neutropenia, 3%) and not increased in the Ra-223 group, compared with placebo. Nonhematologic toxicity included nausea (40%, previous docetaxel; 30%, docetaxel-naive), vomiting (24%, previous docetaxel; 11% docetaxel-naive), and diarrhea (25% previous docetaxel; 26% docetaxel-naive) due to fecal elimination of the agent.[@R21],[@R30] Long-term safety data confirmed that Ra-223 was well tolerated, with low incidence of myelosuppression and no new safety signals.[@R31] On the basis of these data, the US Nuclear Regulatory Commission licensed Ra-223 in 2013 as an investigational drug for use in mCRPC.[@R32],[@R33] Shortly thereafter, Ra-223 was granted FDA approval for use in patients with mCRPC having symptomatic bone metastases and no known visceral metastases.[@R34]

The FDA label for Ra-223 does not require progression on prior therapies; a prespecified subgroup analysis from ALSYMPCA supports a role for Ra-223 in patients without prior docetaxel use: OS (previous docetaxel use: HR 0.70; *P*=0.002; docetaxel-naive use: HR 0.69; *P*=0.01); fewer grade 3-4 adverse events (AEs; 62% vs. 54%, respectively); and lower rates of grade 3-4 thrombocytopenia (9% vs. 3%, respectively).[@R21] These data demonstrate that Ra-223 is safe and effective before or after docetaxel.

ALSYMPCA established a clear benefit of Ra-223 before or after chemotherapy. Symptomatic bone disease was defined in ALSYMPCA as either regular use of analgesic drugs for bone pain or treatment with EBRT within the previous 12 weeks.[@R21] Evidence from an international early access program (EAP) supports Ra-223 treatment earlier in the disease course.[@R35] This prospective, single-arm phase 3b study of Ra-223 enrolled 696 patients with mCRPC. In contrast to ALSYMPCA, both symptomatic (77%) and asymptomatic (defined as no pain or opioid use at baseline; 19%) patients were included in the EAP.[@R35],[@R36] Asymptomatic patients had more favorable baseline characteristics and received fewer prior treatments than symptomatic patients. Seventy-one percent of asymptomatic patients received all 6 doses of Ra-223, compared with 55% of symptomatic patients. In addition, asymptomatic patients from the US EAP tolerated Ra-223 better than did symptomatic patients, with lower rates of any grade AE (61% vs. 79%), grade 3-4 AEs (29% vs. 40%), and serious AEs (22% vs. 40%). Median OS was 17 versus 14.9 months in ALSYMPCA.[@R37] More studies are needed to determine if the higher treatment course completion rate and better tolerability with Ra-223 earlier in the disease course translates to improved outcomes.

Ra-223 earlier in the disease course may facilitate retreatment with Ra-223. This was evaluated in a recent trial (NCT01934790), in which patients completed 6 cycles of Ra-223 before retreatment with ≤6 additional cycles. As of this writing, median time to radiologic progression or median OS has not been reached; the median time to first symptomatic skeletal event (SSE) was 16.7 months, and the median SSE-survival was 12.8 months.[@R38],[@R39]

Ra-223 requires no separate precautions or dose adjustments for special populations, for example, the elderly.[@R40] Results of ALSYMPCA showed no differences between age groups \<75 and ≥75 years, the latter being a subgroup thought too frail to receive chemotherapy (ECOG performance status ≥2).[@R41] As Ra-223 is not metabolized by the liver nor excreted by bile, any hepatic impairment is unlikely to affect elimination; excretion in urine is minimal. Because Ra-223 is eliminated through the gastrointestinal tract, patients with Crohn's disease or ulcerative colitis should take precautions.[@R40]

INSIGHTS FROM OTHER PHASE 3 TRIALS
==================================

We evaluated patient eligibility criteria and patient populations of those treated with other mCRPC agents in phase 3 trials to determine how those compared with men enrolled in ALSYMPCA. The studies (Table [1](#T1){ref-type="table"}) enrolled \>7000 men with CRPC, most of whom had bone or bone and lymph node disease.[@R5]--[@R8],[@R42]--[@R45] Analysis of these showed that most presented with bone metastases and later developed visceral disease. Furthermore, at detection most occurrences of visceral disease were symptomatic.[@R46] Visceral metastases were associated with bone or lymph node metastases, and visceral disease plus bone metastases resulted in poorer outcomes.[@R46] These findings may argue for earlier use of Ra-223 in mCRPC.

Early unblinded evidence from the ERA-223 trial (NCT02043678, randomized double-blinded, placebo-controlled, multicenter phase 3 trial investigating efficacy and safety of Ra-223 plus abiraterone and prednisone/prednisolone in asymptomatic or mildly symptomatic chemotherapy-naive patients with bone-predominant mCRPC) indicated that such combinations in patients with asymptomatic mCRPC may not give best outcomes, and further studies may be warranted.

TREATMENT OF BONE AND VISCERAL METASTASES IN mCRPC
==================================================

To address how bone metastases affect survival, a meta-analysis of 9 phase 3 clinical trials in nearly 9000 men was performed.[@R4] Most (72%) had bone metastases, with or without lymph node metastases; fewer had visceral disease (21%) or lymph node--only metastases (6%). Results showed that having lung and liver metastases predicted shorter OS, compared with having bone metastases and nonvisceral disease (Fig. [1](#F1){ref-type="fig"}A).[@R4]

![A, Median overall survival (OS) by site of metastases and by trial start date across the different trials. CALGB, Cancer and Leukemia Group B; ENTHUSE, Endothelin A Use; LN, lymph node. From Halabi et al[@R4] with permission. B, Frequency of bone-related pain in relation to treatment line and to time from acquisition of metastatic castration-resistance status until death. Visceral and bone metastases frequencies are from Pezaro et al.[@R46] Pain prevalence is based on Autio et al.[@R25] Ra-223 use scenarios referred to: (1) as first or second treatment lines; (2) as third treatment line; or (3) after \>3 treatment lines. Adapted from Rodriguez-Vida et al[@R26] with permission.](coc-42-399-g002){#F1}

Although the number of bone metastases may remain relatively flat over time, the number of visceral metastases rises until death (Fig. [1](#F1){ref-type="fig"}B). Possible Ra-223 scenarios include part of first-line or second-line treatment before docetaxel, as third-line following docetaxel, or after ≥3 lines of treatment with docetaxel. These observations imply that Ra-223 may have a role when visceral disease is present.[@R26] The St Gallen Advanced Prostate Cancer Consensus Conference observed that only 12% of patients enrolled in phase 3 trials were recommended to receive Ra-223 as first-line treatment; their panel therefore did not recommend Ra-223 as first-line treatment. However, a majority of the panel (65%) thought it was appropriate to study some men with asymptomatic CRPC and bone metastases.[@R47] The current practice is to give Ra-223 when it may be less likely to benefit patients, after bone metastases have become symptomatic. In one study of patients with epidural disease, 93% of patients had prior CRPC therapy, and 75% had \>20 metastases, compared with roughly 40% of patients in ALSYMPCA; the patient population in the former study therefore had a high number of cord compressions, and 37% of patients failed to complete all 6 cycles of therapy.[@R48] This study highlights the need to determine optimal sequencing for Ra-223, especially in heavily pretreated patients.

RA-223 IN COMBINATION WITH OTHER AGENTS
=======================================

Several ongoing trials investigate safety and efficacy of Ra-223 with other agents (Table [2](#T2){ref-type="table"}). Results of a phase 3, expanded-access, single-arm trial (NCT01618370; Table [2](#T2){ref-type="table"}) showed that Ra-223 could be given safely with abiraterone or enzalutamide.[@R36] However, the ERA-223 study was recently unblinded by the Independent Data Monitoring Committee; preliminary analysis by an independent ad-hoc committee showed increased incidence of fractures (24% vs. 7%) and deaths (27% vs. 20%) among patients who received Ra-223 plus abiraterone (n=401), compared with patients who received placebo plus abiraterone (n=405).

###### 

Clinical Trials for Ra-223 to Help Sequencing Decisions
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Two trials examine adding Ra-223 to abiraterone or enzalutamide early in the disease course, based on results from the EAP showing higher rates of treatment completion and better tolerability in asymptomatic patients.[@R35] Combining androgen-deprivation therapy (ADT) with Ra-223 could target 2 key aspects of mCRPC: the ability of cancer cells to stimulate androgen signaling (thus stimulating cancer regrowth), and the ability of cancer to grow where bone remodeling has been disrupted. Two studies investigating these questions include NCT02225704, to assess safety and tolerability of first-line Ra-223 plus enzalutamide in patients with progressive mCRPC, and NCT03002220, evaluating the safety of Ra-223 after abiraterone or enzalutamide in patients with asymptomatic progression of mCRPC, as well as the association between AR-V7 mutation status and Ra-223 (Table [2](#T2){ref-type="table"}). These results and those of investigator-initiated research into the same combinations will evaluate whether Ra-223 plus abiraterone or enzalutamide improve outcomes and will provide insight into Ra-223 early in treatment. Prior to final analyses, Ra-223 should be not be used with next-generation antihormonal therapy, except in a clinical trial.

Preclinical evidence suggests that Ra-223 may enhance certain antitumor immune responses, such as antigen-specific cytotoxic T cell-mediated lysis.[@R50] A study investigating Ra-223 plus sipuleucel-T focuses on asymptomatic or minimally symptomatic mCRPC (NCT02463799; Table [2](#T2){ref-type="table"}). Sipuleucel-T is an autologous cellular immunotherapy to stimulate immune responses against prostate cancer, and is FDA-approved for treatment of asymptomatic or minimally symptomatic mCRPC. Evidence suggests that immune responses may be enhanced by radiation; this study examines whether Ra-223 added to sipuleucel-T increases the anticancer immune response and antitumor effect against mCRPC.[@R51]

Two trials examine Ra-223 plus immunotherapy or immunooncology treatment. Ra-223 is believed to induce apoptosis among metastasized CRPC cells, releasing CRPC-specific proteins, which serve as antigens to educate the patient's T cells. Agents such as pembrolizumab and atezolizumab can increase the number and activity of antigen-specific T cells, thus creating a T-cell subset that recognizes and attacks cancer. Thus, combining Ra-223 with immune checkpoint inhibitors may result in better control of mCRPC than does Ra-223 alone. Two trials (NCT03093428 and NCT02814669; Table [2](#T2){ref-type="table"}) will evaluate Ra-223 plus pembrolizumab or atezolizumab, versus Ra-223.

Niraparib is a PARP inhibitor approved to treat ovarian cancer.[@R52] A phase 1 study (NCT03076203; Table [2](#T2){ref-type="table"}) will evaluate safety and determine the recommended phase 2 dose of niraparib when added to Ra-223. Olaparib, another PARP inhibitor, will be evaluated in a phase 1/2 study examining combination with Ra-223 (NCT03317392) to determine the best dose of olaparib plus Ra-223 and to track AEs.

PRACTICAL CONSIDERATIONS FOR RA-223 ADMINISTRATION
==================================================

Patients should be maintained on androgen-suppression treatment while on treatment with Ra-223.[@R53] The dose regimen of Ra-223 is 55 kBq per kg body weight, given at 4-week intervals for 6 injections, based on ALSYMPCA[@R41] and the most recent National Institute of Standards standardization for Ra-223 dosimetry.[@R34],[@R54]

In addition to distribution of metastases, prior therapy history, potential future treatments, and symptomatology, clinicians must also weigh patient factors, such as performance status, hematologic parameters, and comorbidities, when deciding whether to administer Ra-223. Hematologic evaluation should be performed at baseline and prior to every dose of Ra-223. It is recommended that before the first dose is administered, absolute neutrophil count (ANC) should be ≥1.5×10^6^/μL, the platelet count ≥100×10^6^/μL, and hemoglobin ≥10 g/dL. Before subsequent administrations, ANC should be ≥1×10^6^/μL and the platelet count ≥50×10^6^/μL (Table [3](#T3){ref-type="table"}). In a single-dose phase 1 study of Ra-223, neutrophil and platelet count nadirs occurred 2 to 3 weeks after Ra-223 administration at doses up to 1 to 5 times the recommended dose, and most patients recovered approximately 6 to 8 weeks after administration. If there is no recovery within 6 to 8 weeks after the last (not final) administration of Ra-223, treatment should be discontinued.

###### 

Specifications for Ra-223 Administration
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Patients with compromised bone marrow reserves, including patients with prior chemotherapy use or who had extensive prior EBRT, should have more frequent blood count monitoring, owing to increased risk of myelosuppression. In addition to hematologic monitoring, patients should watch food and liquid intake to maintain good hydration and should report signs of bleeding, infection, dehydration, hypovolemia, urinary retention, or renal failure/insufficiency.[@R55] No studies to date evaluate Ra-223 in patients on an antiplatelet and anticoagulant regimen. Such therapies are not considered contraindications to Ra-223; however, close hematologic monitoring in these patients is recommended owing to increased risk of bleeding if thrombocytopenia develops. One grade 5 event because of thrombocytopenia that may have been treatment related was reported in ALSYMPCA.[@R41]

The important role of family must be discussed, as they will be exposed to radiation if Ra-223 is used. The radiation dose administered by Ra-223 is much lower than that for most nuclear medicine procedures and, therefore, poses less hazard to family and caregivers. The estimated dose to a family member is \<5 mSv, and \<1 mSv for those with casual interaction.[@R56] Therefore, family members of patients receiving Ra-223 do not have significant excess exposure to radiation, and patients with mCRPC should not be excluded from receiving treatment when living with family.

Owing to the nature of α particles, extensive shielding is unnecessary. Latex gloves suffice to protect caregivers' hands. The most significant exposure may happen if spills occur during preparation or administration; one study estimated maximal exposure at 72 mSv; the authors concluded exposure likely would be an order of magnitude lower.[@R33] Precautions should be taken so that no Ra-223 enters an open wound. In general, patients are treated as outpatients, without recommended special precautions for those they might interact with.[@R40],[@R56] Patients should be instructed to follow good hygiene practices to minimize others' radiation exposure.[@R55] Precautions are minimal enough that patients living in group-home situations should receive Ra-223.

BIOMARKERS AND NOVEL IMAGING TECHNIQUES
=======================================

Currently, there is no generally accepted method to identify patients with mCRPC who would benefit from Ra-223 or to assess its efficacy, other than through symptoms. Although PSA, ALP, and lactate dehydrogenase (LDH) values are established prognostic biomarkers in mCRPC,[@R57] they are not predictive of response to Ra-223.

PSA levels in particular may be of limited value. Studies reported varying changes in serum PSA levels following Ra-223. Early-phase studies did not find correlations between PSA and Ra-223.[@R58] In ALSYMPCA, only 16% of patients receiving Ra-223 showed ≥30% decrease in PSA by week 12, compared with 6% receiving placebo.[@R41] A single-institution retrospective study demonstrated decreased PSA levels in 22% of patients who received Ra-223 monotherapy versus 35% of patients who received Ra-223 plus other treatment.[@R59] No trials of enzalutamide have shown decreased PSA levels as an outcome marker.[@R60]

ALP and LDH levels have been investigated as possible surrogate markers for Ra-223 efficacy. LDH and ALP are established prognostic biomarkers in mCRPC. In patients with mCRPC, both preantiandrogen and postantiandrogen therapy, rising ALP was the strongest of 3 quantified markers (PSA, LDH, and ALP) for outcome.[@R57] In contrast to PSA, biomarker analysis from ALSYMPCA showed significant decreases in ALP levels as early as 4 weeks after Ra-223 commenced and significant decline in ALP levels, by up to 80%, at 12 weeks after treatment initiation.[@R61] The decreases in tissue ALP and in LDH (mean decline 51%) correlated with longer OS in ALSYMPCA but did not meet statistical surrogacy requirements and therefore cannot be considered predictive of response to Ra-223. Nevertheless, they may be useful to monitor during treatment.[@R61] Given the multiple treatment options available for patients with mCRPC, biomarkers are needed to identify which patients are most likely to respond to and benefit from Ra-223.

Trials evaluating initiation of an agent with a different mechanism of action (MOA) at the time of PSA progression on a first hormone may reveal additional insights. In one prospective trial of patients treated with enzalutamide (n=31) or abiraterone (n=31), patients expressing the androgen receptor splice variant AR7 had lower PSA response rates and shorter PSA progression-free survival (PFS), clinical PFS, and OS than did patients not expressing AR7.[@R62] These imply that sequential hormonal agents may not be optimal for some patients and that using agents with differing MOAs may be effective.

Higher-sensitivity imaging techniques may reveal presymptomatic bone metastases. One technique uses prostate-specific membrane antigen (PMSA) as a target molecule, combined with probes for positron emission tomography (PET) scanning. PMSA-based imaging has been reported to improve detection of metastatic disease compared with computed tomography (CT) or magnetic resonance imaging (MRI) in patients with prostate cancer; it has rendered additional cross-sectional imaging unnecessary.[@R63] ^18^F-FDG PET/CT has not been recommended by the National Comprehensive Cancer Network[@R64] guidelines for prostate cancer, although its utility in detecting locally recurrent or metastatic disease, or effect on outcome, has not been fully examined. Tumor burden indices determined by ^18^F-PET/CT at baseline were highly correlative and significant predictors of OS following treatment with Ra-223.[@R65] A 2015 study showed that ^18^F-NaF/^18^F-FDG PET/CT is superior to whole-body MRI plus ^99m^Tc-MDP scintigraphy for evaluation of skeletal disease extent. Moreover, ^18^F-NaF/^18^F-FDG PET/CT plus whole-body MRI detected extraskeletal disease that may change management of mCRPC.[@R66]

SUMMARY AND FUTURE DIRECTIONS
=============================

Ra-223 demonstrated safety and efficacy and is FDA-approved for patients with mCRPC having symptomatic bone metastases and no visceral metastases, regardless of prior treatment. Importantly, bone metastases have deleterious effects on patients beyond causing pain.

Optimal sequence of Ra-223 with other approved therapies for mCRPC is unknown. Evidence shows benefit and tolerability of Ra-223 in patients with prior docetaxel use, and in chemotherapy-naive patients. Data also support Ra-223 in asymptomatic patients; ongoing studies evaluate whether survival benefit observed with Ra-223 in symptomatic mCRPC is preserved in asymptomatic patients. Finally, additional studies investigate combinations of Ra-223 with other agents, including PARP and checkpoint inhibitors. Because the toxicity profile of Ra-223 does not overlap with other approved drugs for mCRPC, combination treatment may be feasible. Ra-223 should not be used with next-generation novel antihormonal therapy, except in a clinical trial.

Predictive biomarkers are needed to identify patients most likely to respond to Ra-223. The development and use of these biomarkers, plus emerging data around timing, sequencing, and combinations with Ra-223, will hopefully lead to improved patient selection and optimal outcomes.
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